Abstract: Twisted stainless steel wires are used as wire electrodes for electrospinning the polyvinyl alcohol (PVA)/zinc citrate nanofiber mats. The morphology and diameter of the nanofibers in PVA/zinc citrate nanofiber mats are evaluated. We measured the antibacterial efficacy against Staphylococcus aureus (S. aureus) and Escherichia coli (E. coli) of the nanofiber mats. We also examined the cell adhesion affinity of mammalian tissue culture cells on these nanofiber mats. Our results indicate that an increase in zinc citrate increases the viscosity and electrical conductivity of PVA solution. In addition, increasing zinc citrate results in a smaller diameter of nanofibers that reaches below 100 nm. According to the antibacterial test results, increasing zinc citrate enlarges the inhibition zone of S. aureus but only has a bacteriostatic effect against E. coli. Finally, cell adhesion test results indicate that all nanofiber mats have satisfactory cell attachment regardless of the content of zinc citrate.
Introduction
Conventional single-needle electrospinning has been commonly studied as it is an easy method for manufacturing nanofibers [1] . Nanofibers that are produced by using electrospinning have diameter and morphology that depend on many factors, including the dissolution, dispersion, viscosity, and surface tension of polymers, the volatility and electrical conductivity of the solvents, electrospinning voltage, collection distance, and ambient temperature and humidity [2] [3] [4] [5] [6] [7] . However, single-needle electrospinning has a production yield of 0.01-0.1 g/hr, which falls behind the requirement of mass production. In recent years, needleless electrospinning has been developed, and has a higher spinning efficiency than multi-needle electrospinning [8] [9] [10] [11] [12] . Needleless electrospinning does not clog and thus has potential for a greater yield [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] .
Nanofibers are defined as fibers that have a diameter of less than 100 nm. They have a high porosity and a high specific surface, and are thus commonly used in many applications, including wound dressings [29, 30] , release control [31] , tissue engineering scaffolds [32] , filtrations in environmental applications [33] , metal ion adsorption [34] , battery separator [35] , and bio-sensors [36] . In particular, the application of wound dressings involves a complicated process of wound healing where the cell extracellular matrix components and growth factors interact. The open wounds surface is often infected with microbes, including bacteria, funguses, and viruses. An infection of a wound is initiated by the adherences of bacteria to the surface of wounds, antibiotics, antimicrobial agents, and metallic particles are incorporated with the dressings. Therefore, antibacterial agents, such as chitosan [37] , silver nanoparticles [38] , or zinc oxide (ZnO) [39] , have been added to electrospun nanofibers, thus increasing their potential in biomedical engineering applications.
There has been little research on the application of needleless electrospinning, and this study thus combines zinc citrate and polyvinyl alcohol (PVA) in order to form a PVA mixture for electrospinning nanofibers. This manufacturing method confirms the feasibility of the combination of other materials and needleless electrospinning technique, and also produces antibacterial nanofiber mats in a great volume. Stainless steel wires are twisted and serve as the wire electrodes for the production of PVA/zinc citrate nanofiber mats. The properties of polymer solutions, and morphology and diameter size of the nanofibers are examined, after which the antibacterial properties, cell attachment, and MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) assay of nanofibers are studied.
Experimental Section

Materials
We used polyvinyl alcohol (PVA, Sigma-Aldrich, Ltd, Saint Louis, MO, USA) with a molecule weight of 89,000-98,000 kDa and 99% hydrolyzed. Stainless steel (SS) wires (King Metal Fiber Technology Co., Ltd., Taipei, Taiwan) have a diameter of 0.2 mm. Zinc citrate (Nihon Shiyaku Industries Ltd., Kyoto, Japan) has a Mw of 574.37. Phosphate-buffered saline (PBS) solution is purchased from Difco Laboritories Inc. (Detroit, MI, USA).
Methods
Solution Preparation
PVA powder is dissolved in deionized water in order to formulate 10 wt % PVA solution. The PVA solution is heated and blended on a magnetic stirrer at 90˝C for 12 h, followed by being added with 0.5, 1, 3, or 5 wt % zinc citrate and blended for another 12 h.
Electrospinning
In this study, stainless steel wires are twisted in order to form wire electrodes, as indicated in Figure 1a . The mechanism of needleless electrospinning used indicated in Figure 1b consists of mechanism elements as follows. The solution bath is mounted on the solution bath base. The motor releases the power transmission, while the belt revolves and activates the round bar where the positive pole of the high voltages is applied. Above the mechanism is a collector that the negative poles are connected with it. The electrospinning is introduced as follows. The wire electrode is affixed to the two ends of the disc, after which the spinneret is located in the bearing and are affixed to two ends of the bearing block. A dynamic force is powered by the motor, and thereby revolves the gears of the belt as well as their linking spinneret. The mixtures of PVA and different amounts of zinc citrate are poured into the solution bath. Next, the stainless steel wire electrode is rotated, and the polymer solution that is adhered to the wire electrode then forms spheres due to the surface tension, gravity, and viscosity. The spheres are then converted into Taylor cones as a result of the connection to a high voltage, followed by being converted into jets that are collected to the collector and complete the electrospinning process. The electrospinning voltage is 80 kV, the collection distance is 10 cm, and the rotation speed of the spinneret is 8 rpm. As indicated in Figure 2 , there are numerous jets being extended and then formed into nanofibers via the wire electrode. 
Tests
Viscosity
A rotational viscometer (Fungilab, Barcelona, Spain) is used to measure the viscosity of the PVA solution and PVA/zinc citrate mixtures in order to examine the influences of different zinc citrate concentrations on the viscosity of mixtures, as well as the morphology of the electrospun nanofibers.
Conductivity
The electrical conductivity of the PVA solution and PVA/zinc citrate solutions are examined by using a pH/Conductivity Meter (EC500, Extech Instruments, Nashua, NH, USA.).
Scanning Electron Microscopey (SEM)
Electrospun nanofiber mats are dried in an oven at 40 °C for 24 h in order to remove the moisture from the surface of fibers. Afterwards, they are coated with a thin layer of gold for thirty seconds, after which a Field-Emission Scanning Electron Microscope (FE-SEM, JEOL USA, Inc., Peabody, MA, USA) is used with an operating voltage of 10 kV in order to observe the surface of the samples. Finally, an elemental analysis is conducted with incorporating an energy dispersive spectrum (EDS) to examine the morphology of the samples.
Diameter Analyses
The SEM images that record the morphology are analyzed with an Image-Pro 6.2 illustration (Media Cybernetics, Inc., Rockville, MD, USA). 100 pieces of nanofibers are used to measure their diameters and represent all of the nanofibers. This analysis clarifies the influences of the difference in electrospinning parameters on the diameter of nanofibers. 
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Electrospun nanofiber mats are dried in an oven at 40˝C for 24 h in order to remove the moisture from the surface of fibers. Afterwards, they are coated with a thin layer of gold for thirty seconds, after which a Field-Emission Scanning Electron Microscope (FE-SEM, JEOL USA, Inc., Peabody, MA, USA) is used with an operating voltage of 10 kV in order to observe the surface of the samples. Finally, an elemental analysis is conducted with incorporating an energy dispersive spectrum (EDS) to examine the morphology of the samples.
Diameter Analyses
The SEM images that record the morphology are analyzed with an Image-Pro 6.2 illustration (Media Cybernetics, Inc., Rockville, MD, USA). 100 pieces of nanofibers are used to measure their diameters and represent all of the nanofibers. This analysis clarifies the influences of the difference in electrospinning parameters on the diameter of nanofibers.
Antibacterial Test Disc Diffusion Assay
A disc diffusion method is administered for the antibacterial activity analysis of electrospun nanofiber mats. S. aureus (ATCC 25923) and E. coli (ATCC25922) are used in this test, and they have constant colony forming units (CFUs) of 1.5ˆ10 5 determined by optical densities (OD). In addition, 0.1 mL bacteria suspension is smeared over an agar plate, after which the electrospun nanofiber mats are adhered to the agar. The plates are then placed in an incubator to culture for 18-24 h. After the plates are removed, the inhibition zones are measured.
Broth Dilution Assay
Staphylococcus aureus (S. aureus, ATCC 25923) and Escherichia coli (E. coli, ATCC25922) are used in this study. Their constant colony forming unit (CFUs) is 1.5ˆ10 5 according to the optical densities (OD). The bacteria liquid of 1 mL is placed in an incubator at 37˝C for twenty four hours. The bacteria liquid is then removed, and its optical density (OD) is measured with a Ultraviolet-visible spectrometer (Thermo Fisher Scientific Inc., Waltham, MA, USA) at a wavelength of 600 nm.
Cell Attachment
The sterilized samples are placed in a two-well dish. The cultured L929 mouse fibroblasts cells are diluted to have a cell density of 2ˆ10 4 cells/mL, after which a 1mL cell suspension and a 1 mL medium are infused into the each well. All of the materials are incubated in an incubator for 24 h. The nanofiber mat is then removed and rinsed with a PBS solution that is in a horizontal shaking bath. A 2.5% glutaraldehyde solution is added with a micropipette in order to immobilize cells for 24 h. Different concentrations of ethanol is also added with a micropipette to the 24-well to gradient drying the samples, after which the cell attachment and growth are observed with an SEM.
MTT Assay
The sterilized samples are examined in terms of cellular viability (%) via using an MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide assay. The sample extract at 10 µL with a concentration of 1.6 mg/L c.c. and MG-63 osteoblast cells at 90 µL with a concentration 10 4 cell/well are respectively infused into a 96-well culture plate. The culture plate is placed in an incubator at 37˝C, 5% CO 2 for 24 h, 48 h and 72 h, after which the late is removed and then placed on a horizontal laminar flow table. A Pasteur pipette is used to suck the Minimum essential medium (MEM) from the plate. Afterwards, a mixture containing 70 µL MTT agent and culture medium with a volume ratio of 1:39 is added to each well of the plate. The plate is then kept in the dark for four hours, and then the MTT/medium mixture is removed. Dimethyl sulfoxide (DMSO) solvent at 70 µL is added to each well. An ELISA reader is used to measure the absorbance of the residual in the dish at the wavelength of 570 nm, and optical density (OD) is used to compute the cellular viability (%).
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Results and Discussion
Properties of PVA/Zinc Citrate Mixtures
Viscosity of electrospinning solution is an important index for electrospinning, and thus it is an important parameter for both conventional single-needle electrospinning and needleless electrospinning. When the viscosity of electrospinning solution falls in an optimal range, it has a significant influence on the morphology of fibers [40] . The viscosity of PVA solution increases from 489.9 mPa s to 992.3 mPa s as a result of an increase in zinc citrate, as indicated in Table 1 . Zinc citrate is slightly water soluble, and thus its particles are dispersed in a PVA solution shown in Figure 3 . Increasing the concentration of zinc citrate causes the reaction between zinc citrate and molecular chains, and thereby results in chain entanglements. As a result, viscosity of solution is proportional to the amount of zinc citrate. Increasing the concentration of zinc citrate causes the reaction between zinc citrate and molecular chains, and thereby results in chain entanglements. As a result, viscosity of solution is proportional to the amount of zinc citrate. Table 1 indicates that the PVA/zinc citrate mixture that contains 5 wt % zinc citrate has a higher electrical conductivity of 1.28 × 10 3 μS/m, compared to the control group (0.57 × 10 3 μS/m). Zinc citrate is an ionic compound that has electric charges. The zinc ions are released after zinc citrate is slightly dissolved in water, as indicated in Figure 4 , which effectively strengthens the electrical conductivity of the mixtures. As indicated in the study by Jayakumar, the addition of metal compounds causes the electrical conductivity to increase [39] . 
Effects of Amount of Zinc Citrate on Morphology and Fiber Diameter of PVA/Zinc Citrate Nanofiber Mats
The morphology and diameter distribution of PVA/Zinc citrate nanofiber mats are indicated in Figure 5 . The pure PVA nanofibers have a smooth morphology, and there are no beads or spindle apparatus observed in Figure 5a . The PVA/zinc citrate nanofiber mats are formed differently with the corresponding amount of zinc citrate as follows: spindle (0.5 wt %), small beads (1 wt %), beads and droplets (3 wt %), and beads and flat fibers (5 wt %), as indicated in Figure 5b -e. Such results are ascribed to the viscosity of the polymer solution. The viscosity of the polymer solution is proportional to the amount of zinc citrate, as indicated in Table 1 , and thus a high viscosity is disadvantageous for electrospinning. Table 1 indicates that the PVA/zinc citrate mixture that contains 5 wt % zinc citrate has a higher electrical conductivity of 1.28ˆ10 3 µS/m, compared to the control group (0.57ˆ10 3 µS/m). Zinc citrate is an ionic compound that has electric charges. The zinc ions are released after zinc citrate is slightly dissolved in water, as indicated in Figure 4 , which effectively strengthens the electrical conductivity of the mixtures. As indicated in the study by Jayakumar, the addition of metal compounds causes the electrical conductivity to increase [39] . Increasing the concentration of zinc citrate causes the reaction between zinc citrate and molecular chains, and thereby results in chain entanglements. As a result, viscosity of solution is proportional to the amount of zinc citrate. Table 1 indicates that the PVA/zinc citrate mixture that contains 5 wt % zinc citrate has a higher electrical conductivity of 1.28 × 10 3 μS/m, compared to the control group (0.57 × 10 3 μS/m). Zinc citrate is an ionic compound that has electric charges. The zinc ions are released after zinc citrate is slightly dissolved in water, as indicated in Figure 4 , which effectively strengthens the electrical conductivity of the mixtures. As indicated in the study by Jayakumar, the addition of metal compounds causes the electrical conductivity to increase [39] . 
The morphology and diameter distribution of PVA/Zinc citrate nanofiber mats are indicated in Figure 5 . The pure PVA nanofibers have a smooth morphology, and there are no beads or spindle apparatus observed in Figure 5a . The PVA/zinc citrate nanofiber mats are formed differently with the corresponding amount of zinc citrate as follows: spindle (0.5 wt %), small beads (1 wt %), beads and droplets (3 wt %), and beads and flat fibers (5 wt %), as indicated in Figure 5b -e. Such results are ascribed to the viscosity of the polymer solution. The viscosity of the polymer solution is proportional to the amount of zinc citrate, as indicated in Table 1 , and thus a high viscosity is disadvantageous for electrospinning. 
The morphology and diameter distribution of PVA/Zinc citrate nanofiber mats are indicated in Figure 5 . The pure PVA nanofibers have a smooth morphology, and there are no beads or spindle apparatus observed in Figure 5a . The PVA/zinc citrate nanofiber mats are formed differently with the corresponding amount of zinc citrate as follows: spindle (0.5 wt %), small beads (1 wt %), beads and droplets (3 wt %), and beads and flat fibers (5 wt %), as indicated in Figure 5b -e. Such results are ascribed to the viscosity of the polymer solution. The viscosity of the polymer solution is proportional to the amount of zinc citrate, as indicated in Table 1 In addition, SEM images also indicate that a high amount of zinc citrate increases the viscosity of PVA/zinc citrate mixtures, which prevents the solvent to volatilize for the fiber formation. Thus, there are some ill-formed fibers observed in the SEM images. In addition, Figure 5b -e indicates that the nanofibers have a distinct beaded-structure when the mixtures contain a greater amount of zinc citrate. This result is because zinc citrate particles and PVA are electrospun into nanofibers, and the particles are then attached to the surface of PVA nanofibers.
Moreover, SEM images indicate that the incorporation of zinc citrate provides nanofibers with a smaller diameter, which is in conformity with the results in Figure 5f . Figure 5f indicates the diameter distribution of PVA nanofibers where a, b, c, d, and e refer to different amounts of zinc citrate (i.e., 0, 0.5, 1, 3, and 5 wt %). The diameter of pure PVA nanofibers is 95 ± 22 nm, and the diameter of PVA/zinc citrate nanofibers have a diameter with the corresponding zinc citrate as follows: 79 ± 26 nm (0.5 wt %), 72 ± 18 nm (1 wt %), 75 ± 24 nm (3 wt %), and 84 ± 22 nm (5 wt %). After zinc citrate is dissolved in water, it can release zinc ions with a greater amount of electric charges. This provides the electrospinning jet with more electric charges in order to overcome the surface tension of the jet. The dissociation mechanism has now been provided in Figure 4 . The electrical conductivity of electrospinning solution is thus proportional to the amount of zinc citrate, and the diameter decreases as a result of a high stretching force. The higher the electrical conductivity of electrospinning solution, the smaller the diameter of the nanofibers [41] . Figure 6 indicates EDS analyses of PVA/zinc citrate nanofiber mats as related to various amounts of zinc citrate. EDS spectra demonstrates the presence of zinc. The content of zinc with their corresponding amount of zinc citrate are 0.74 wt % (0.5 wt %), 1.56 wt % (1 wt %), 3.18 wt % (3 wt %), and 4.69 wt % (5 wt %) as indicated in Table 2 . The content of zinc measured by EDS has similar ratio to the amount of zinc citrate, which can be surmised that the nanofiber mats are evenly coated with a zinc element. In addition, SEM images also indicate that a high amount of zinc citrate increases the viscosity of PVA/zinc citrate mixtures, which prevents the solvent to volatilize for the fiber formation. Thus, there are some ill-formed fibers observed in the SEM images. In addition, Figure 5b -e indicates that the nanofibers have a distinct beaded-structure when the mixtures contain a greater amount of zinc citrate. This result is because zinc citrate particles and PVA are electrospun into nanofibers, and the particles are then attached to the surface of PVA nanofibers.
Element Analyses of PVA/Zinc Citrate Nanofiber Mats
Moreover, SEM images indicate that the incorporation of zinc citrate provides nanofibers with a smaller diameter, which is in conformity with the results in Figure 5f . Figure 5f indicates the diameter distribution of PVA nanofibers where a, b, c, d, and e refer to different amounts of zinc citrate (i.e., 0, 0.5, 1, 3, and 5 wt %). The diameter of pure PVA nanofibers is 95˘22 nm, and the diameter of PVA/zinc citrate nanofibers have a diameter with the corresponding zinc citrate as follows: 79˘26 nm (0.5 wt %), 72˘18 nm (1 wt %), 75˘24 nm (3 wt %), and 84˘22 nm (5 wt %). After zinc citrate is dissolved in water, it can release zinc ions with a greater amount of electric charges. This provides the electrospinning jet with more electric charges in order to overcome the surface tension of the jet. The dissociation mechanism has now been provided in Figure 4 . The electrical conductivity of electrospinning solution is thus proportional to the amount of zinc citrate, and the diameter decreases as a result of a high stretching force. The higher the electrical conductivity of electrospinning solution, the smaller the diameter of the nanofibers [41] . Figure 6 indicates EDS analyses of PVA/zinc citrate nanofiber mats as related to various amounts of zinc citrate. EDS spectra demonstrates the presence of zinc. The content of zinc with their corresponding amount of zinc citrate are 0.74 wt % (0.5 wt %), 1.56 wt % (1 wt %), 3.18 wt % (3 wt %), and 4.69 wt % (5 wt %) as indicated in Table 2 . The content of zinc measured by EDS has similar ratio to the amount of zinc citrate, which can be surmised that the nanofiber mats are evenly coated with a zinc element. 
Effects of Amount of Zinc Citrate on Antibacterial Efficacy of PVA/Zinc Citrate Nanofiber Mats
Antibacterial efficacy against S. aureus of PVA/zinc citrate nanofiber mats is indicated in Figure 7A . The pure PVA nanofiber mats are not bacteriostatic. In contrast, the addition of different amounts of zinc citrate (0.5, 1, 3, or 5 wt %) results in significant inhibition zones against S. aureus, and the diameter of the inhibition zone that PVA/zinc citrate nanofiber mats created is proportional to the amount of zinc citrate, as indicated in Table 3 . The diameter of the inhibition zone of PVA/Zinc citrate nanofiber mats with the corresponding amount of zinc citrate are 5 mm (0.5 wt %), 7 mm (1 wt %), 11.8 mm (3 wt %), and 13.5 mm (5 wt %). In comparison to the inhibition zone caused by 0.5 wt % zinc citrate, the inhibition zone is increased by 1.4 times (1 wt %), 2.36 times (3 wt %), and 2.7 times (5 wt %). Adding 0.5 wt % zinc citrate has a significant antibacterial efficacy, and adding 5 wt % zinc citrate yields the maximum inhibition zone of 13.5 mm, which has only a slight 1.7 mm increase, in comparison to the inhibition zone caused by 3 wt % zinc citrate. This mild increase in the diameter of inhibition zone also suggests that 3 wt % zinc citrate is the optimal parameter. 
Antibacterial efficacy against S. aureus of PVA/zinc citrate nanofiber mats is indicated in Figure 7A . The pure PVA nanofiber mats are not bacteriostatic. In contrast, the addition of different amounts of zinc citrate (0.5, 1, 3, or 5 wt %) results in significant inhibition zones against S. aureus, and the diameter of the inhibition zone that PVA/zinc citrate nanofiber mats created is proportional to the amount of zinc citrate, as indicated in Table 3 . The diameter of the inhibition zone of PVA/Zinc citrate nanofiber mats with the corresponding amount of zinc citrate are 5 mm (0.5 wt %), 7 mm (1 wt %), 11.8 mm (3 wt %), and 13.5 mm (5 wt %). In comparison to the inhibition zone caused by 0.5 wt % zinc citrate, the inhibition zone is increased by 1.4 times (1 wt %), 2.36 times (3 wt %), and 2.7 times (5 wt %). Adding 0.5 wt % zinc citrate has a significant antibacterial efficacy, and adding 5 wt % zinc citrate yields the maximum inhibition zone of 13.5 mm, which has only a slight 1.7 mm increase, in comparison to the inhibition zone caused by 3 wt % zinc citrate. This mild increase in the diameter of inhibition zone also suggests that 3 wt % zinc citrate is the optimal parameter. Figure 7B . Regardless of the amount of zinc citrate, the PVA/zinc citrate nanofiber mats do not cause any inhibition zones, and E. coli is absent over the PVA/zinc citrate nanofiber mats. This phenomenon indicates that PVA/zinc citrate nanofiber mats have only bacteriostatic, rather than antibacterial efficacy. Figure 7C indicates that a high content of zinc citrate causes a lower optical density of the suspension, which is composed of PVA/zinc citrate nanofiber mats and S. aureus solution, which exemplifies that the nanofiber mats possess a satisfactory antibacterial effect against S. aureus. In contrast, the optical density remains constant when PVA/zinc citrate nanofiber mat is cultured with E. coli is administered, indicating a mere bacteriostatic effect. These results are in conformity with Figure 7A ,B.
Effects of Electrospinning Voltages on Morphology and Diameter of PVA/Zinc Citrate Nanofiber Mats
In section 3.5, the zinc citrate content is constant as 3 wt %, and different high voltages of 60, 70, or 80 kV are applied in order to obtain nanofibers with different diameters. The antibacterial efficacy against S. aureus is then evaluated in terms of the diameter of nanofibers. Figure 7A indicates the morphology and diameter distribution of PVA/zinc citrate nanofiber mats as related to various electrospinning voltages. The nanofibers have an uneven morphology and some amount of spindle-shaped nanofibers when they are electrospun with a voltage of 60 kV. The nanofibers then have a satisfactory morphology and a smooth surface when they are electrospun by using a voltage of 70 kV. Finally, the nanofibers have some bead-structure and a smaller diameter when they are made with 80 kV. The diameter with a corresponding voltage is 167 ± 39 nm (60 kV), 107 ± 22 nm (70 kV), and 75 ± 24 nm (80 kV), as indicated in Figure 8A . The diameter of PVA/zinc citrate nanofiber mats has a decreasing trend as a result of the increasing voltage. A high voltage causes a powerful electric field force, and the Taylor cones are thus converted into a finer jet that eventually forms a finer nanofiber. Figure 7B . Regardless of the amount of zinc citrate, the PVA/zinc citrate nanofiber mats do not cause any inhibition zones, and E. coli is absent over the PVA/zinc citrate nanofiber mats. This phenomenon indicates that PVA/zinc citrate nanofiber mats have only bacteriostatic, rather than antibacterial efficacy. Figure 7C indicates that a high content of zinc citrate causes a lower optical density of the suspension, which is composed of PVA/zinc citrate nanofiber mats and S. aureus solution, which exemplifies that the nanofiber mats possess a satisfactory antibacterial effect against S. aureus. In contrast, the optical density remains constant when PVA/zinc citrate nanofiber mat is cultured with E. coli is administered, indicating a mere bacteriostatic effect. These results are in conformity with Figure 7A ,B.
In Section 3.5, the zinc citrate content is constant as 3 wt %, and different high voltages of 60, 70, or 80 kV are applied in order to obtain nanofibers with different diameters. The antibacterial efficacy against S. aureus is then evaluated in terms of the diameter of nanofibers. Figure 7A indicates the morphology and diameter distribution of PVA/zinc citrate nanofiber mats as related to various electrospinning voltages. The nanofibers have an uneven morphology and some amount of spindle-shaped nanofibers when they are electrospun with a voltage of 60 kV. The nanofibers then have a satisfactory morphology and a smooth surface when they are electrospun by using a voltage of 70 kV. Finally, the nanofibers have some bead-structure and a smaller diameter when they are made with 80 kV. The diameter with a corresponding voltage is 167˘39 nm (60 kV), 107˘22 nm (70 kV), and 75˘24 nm (80 kV), as indicated in Figure 8A . The diameter of PVA/zinc citrate nanofiber mats has a decreasing trend as a result of the increasing voltage. A high voltage causes a powerful electric field force, and the Taylor cones are thus converted into a finer jet that eventually forms a finer nanofiber. The inhibition zones caused by the PVA/zinc citrate nanofiber mats have different sizes, as indicated in Figure 8B , indicating the voltage influences them. The diameter of inhibition zone with corresponding voltages is 8.0 ± 1 (60 kV), 9.3 ± 0.57 (70 kV), and 11.7 ± 0.5 mm (80 kV) as indicated in Table 4 . Namely, the diameter of inhibition zone is proportional to the electrospinning voltage. The diameter of nanofiber becomes finer when the high voltage is increased. The nanofibers are electrospun with a zinc citrate-contained polymer solution, and thus when nanofibers are finer, they have a larger specific area that allows for a greater amount of the zinc citrate to expose, and thereby improving the antibacterial efficacy. Figure 9 shows the SEM images for the co-culture of mouse fibroblasts cells and PVA/zinc citrate nanofiber mats. Figure 9a shows the presence of many cells on the pure PVA nanofiber mats, as exemplified by their round-shape and the pseudopod. The cells attach effectively onto the mats. When zinc citrate is 0.5 wt %, the cells on the PVA/zinc citrate nanofiber mats are slightly deformed (Figure 9b ). When zinc citrate is 1 wt %, cells start to stack onto the mats, and their pseudopods also adhere to the mat (Figure 9c ). The cells become flat when the zinc citrate is 3 wt % (Figure 9d ), which indicates a good cell attachment, whereas the cells appear stacked but do not stack when the zinc citrate is 5 wt % (Figure 9e ). The SEM results have proven that PVA/zinc citrate nanofiber mats have a desired cell attachment, and the optimal cell attachment reaches their optimal state when the zinc citrate is 3 wt %. Figure 10 shows the test results of MTT assay of PVA/zinc citrate nanofiber mats. When the amount of zinc citrate is 0.5 wt % and 1 wt %, the cell viability is beyond 100%, indicating that the materials facilitate cell proliferation. This result is in the conformity with the cell attachment shown in Figure 9 . Furthermore, the cell viability of 97% to 99% with the content of zinc citrate being 0.5 wt % and 1 wt %, showing the non-toxic behavior of zinc citrate against cells. The inhibition zones caused by the PVA/zinc citrate nanofiber mats have different sizes, as indicated in Figure 8B , indicating the voltage influences them. The diameter of inhibition zone with corresponding voltages is 8.0˘1 (60 kV), 9.3˘0.57 (70 kV), and 11.7˘0.5 mm (80 kV) as indicated in Table 4 . Namely, the diameter of inhibition zone is proportional to the electrospinning voltage. The diameter of nanofiber becomes finer when the high voltage is increased. The nanofibers are electrospun with a zinc citrate-contained polymer solution, and thus when nanofibers are finer, they have a larger specific area that allows for a greater amount of the zinc citrate to expose, and thereby improving the antibacterial efficacy. 3.6. Cell Attachment and MTT Assay of PVA/Zinc Citrate Nanofiber Mats Figure 9 shows the SEM images for the co-culture of mouse fibroblasts cells and PVA/zinc citrate nanofiber mats. Figure 9a shows the presence of many cells on the pure PVA nanofiber mats, as exemplified by their round-shape and the pseudopod. The cells attach effectively onto the mats. When zinc citrate is 0.5 wt %, the cells on the PVA/zinc citrate nanofiber mats are slightly deformed (Figure 9b ). When zinc citrate is 1 wt %, cells start to stack onto the mats, and their pseudopods also adhere to the mat (Figure 9c ). The cells become flat when the zinc citrate is 3 wt % (Figure 9d ), which indicates a good cell attachment, whereas the cells appear stacked but do not stack when the zinc citrate is 5 wt % (Figure 9e ). The SEM results have proven that PVA/zinc citrate nanofiber mats have a desired cell attachment, and the optimal cell attachment reaches their optimal state when the zinc citrate is 3 wt %. Figure 10 shows the test results of MTT assay of PVA/zinc citrate nanofiber mats. When the amount of zinc citrate is 0.5 wt % and 1 wt %, the cell viability is beyond 100%, indicating that the materials facilitate cell proliferation. This result is in the conformity with the cell attachment shown in Figure 9 . Furthermore, the cell viability of 97% to 99% with the content of zinc citrate being 0.5 wt % and 1 wt %, showing the non-toxic behavior of zinc citrate against cells. 
Cell Attachment and MTT Assay of PVA/Zinc Citrate Nanofiber Mats
Conclusions
This study successfully produces PVA/zinc citrate nanofiber mats. According to the test results, both viscosity and electrical conductivity of PVA/zinc citrate mixtures are proportional to the amount of zinc citrate. The incorporation of zinc citrate results in a fiber diameter of 70-100 nm for PVA/zinc citrate nanofiber mats. In addition, the mats also have the optimal antibacterial efficacy and cell attachment when they are made with 3 wt % zinc citrate. The test results provided in this study can be used in diverse applications in biomedical fields, health care, staple commodities, industrial nanofiber mats, and energy-saving nano products. In the future, the influence of the incorporation of different polymer solutions and needleless electrospinning technique on the formability as well as production efficiency of nanofibers can be further examined. 
This study successfully produces PVA/zinc citrate nanofiber mats. According to the test results, both viscosity and electrical conductivity of PVA/zinc citrate mixtures are proportional to the amount of zinc citrate. The incorporation of zinc citrate results in a fiber diameter of 70-100 nm for PVA/zinc citrate nanofiber mats. In addition, the mats also have the optimal antibacterial efficacy and cell attachment when they are made with 3 wt % zinc citrate. The test results provided in this study can be used in diverse applications in biomedical fields, health care, staple commodities, industrial nanofiber mats, and energy-saving nano products. In the future, the influence of the incorporation of different polymer solutions and needleless electrospinning technique on the formability as well as production efficiency of nanofibers can be further examined.
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